The combined effect of drought and heat waves on insect-plant interactions is complex and not fully understood. Insects may indirectly benefit from water-deficit stress through increased plant nitrogen levels. Heat stress may have a direct negative effect, yet insect performance may be improved when day-time heat is followed by cooler night temperatures. We show that moderate water-deficit stress (25-30% pot capacity) and high day-night temperatures (30/20 °C) affected Macrosiphum euphorbiae on potato (Solanum tuberosum) differently than their interactions. Water stress lowered stomatal conductance, and both water and heat stress reduced leaf area. The effect of water stress on nymphal and adult survival depended on temperature. Water stress added to reduced nymphal survival at high but not current (25/15 °C) day-night temperatures. Adult survival at high temperatures was reduced only when combined with water stress. Water stress and high temperatures independently but not interactively reduced the number of daily offspring. Moderate water stress when combined with high temperatures had a negative bottom-up effect on aphid survival even though lower night temperatures aided in the recovery from direct heat stress. Our study illustrates the importance of combining multiple stressors to better understand their impact on insect-plant interactions in the context of climate change.
Results

plants.
Plants were maintained at current (25/15 °C) and high (30/20 °C) day-night temperatures on either moderately water deficit-stressed (25-30% pot capacity) or well-watered (80-100% pot capacity) potato plants ( Table 1 ). The leaf area was reduced on average by 28% at high temperatures (mean ± SE; 163.82 ± 15.43) compared to plants kept at current temperatures (228.09 ± 18.42; F 1,40 = 9.265, P = 0.004) and by 33% for waterstressed plants (157.03 ± 12.56) compared to well-watered plants (234.88 ± 19.33; F 1,40 = 13.592, P = 0.001; n = 11). The interaction between temperature and water level was not significant (F 1,40 = 0.805, P = 0.375).
Stomatal conductance (mmol m −2 s −1 ) was determined daily as an indirect measure of water stress (Table 1) . Over a 42-day period stomatal conductance (mean ± SE) was significantly influenced by water level (F = 99.62, n.d.f, d.d.f. = 1, 5.8, P < 0.001). The stomatal conductance for the two temperatures was significantly lower for water-stressed (11.97 ± 0.38) compared to well-watered plants ( 28.22 ± 0.68). Neither temperature (F = 0.46, n.d.f, d.d.f. = 1, 5.8, P = 0.523) nor any of the interactions with the exception of day and the day x water interaction influenced stomatal conductance over the 42-day period (day: F = 2.85, n.d.f, d.d.f. = 41, 63.3, P < 0. 0001, day x water: F = 1.58, n.d.f, d.d.f. = 41, 63.3, P = 0.049; n = 42). Leaf nitrogen concentrations did not differ significantly between temperature and water level, nor was the interaction significant ( Supplementary Table S1 ).
Development and survival of immatures.
Nymphal survival varied with treatment (Χ 2 = 22.945, d.f. = 3, P < 0.001). At current day-night temperatures 72% (n = 47) of nymphs on well-watered and 77% (n = 50) on water-stressed plants developed into adults. At high day-night temperatures 36% (n = 58) of nymphs on well-watered and 20% (n = 71) nymphs on water-stressed plants developed into adults ( Fig. 1) . On well-watered plants nymphal survival was significantly lower at high temperatures than at current temperatures (Χ 2 = 5.699, d.f. = 1, P = 0.017). Water stress did not influence nymphal survival at current temperatures. At high temperatures www.nature.com/scientificreports www.nature.com/scientificreports/ nymphal survival was significantly lower on water-stressed plants than on well-watered plants (Χ 2 = 3.957, d.f. = 1, P = 0.047). It was also significantly lower on water-stressed plants at high temperatures compared to well-water plants (Χ 2 = 17.315, d.f. = 1, P < 0.001) and water-stressed plants (Χ 2 = 10.239, d.f. = 1, P < 0.001) at current temperatures. No other pairwise combinations differed significantly.
For nymphs that survived to adulthood instar-specific development time and development time from birth to fourth-instar nymph did not differ between treatments. Interactions between temperature and water regime were not significant except for the development time of the third-instar nymph which was longer on water-stressed plants at high temperatures compared to well-watered and water-stressed plants at current temperatures (F = 5.84, n.d.f, d.d.f. = 1, 153.3, P = 0.017; Table 2 ).
Adult longevity and reproductive capacity (fecundity).
Temperature and water regime did not influence the duration of the pre-reproductive, the reproductive and the post-reproductive periods or adult longevity, nor were the interactions significant ( Table 2) . The daily and total number of offspring produced were significantly lower on plants at high day-night temperatures than at current day-night temperatures (daily reproduction: F = 42.42, n.d.f, d.d.f. = 1, 22.8, P < 0.001; total fecundity: F = 9.18, n.d.f, d.d.f. = 1, 5.2, P = 0.028). The total number of offspring produced at high temperatures was on average 43% lower than at current temperatures. Water stress reduced daily ( Fig. 2A -D) but not total reproduction (daily reproduction: F = 5.03, n.d.f, d.d.f. = 1, 32.1, P = 0.035). Interactions between temperature and water level for daily and total fecundity were not significant. Temperature www.nature.com/scientificreports www.nature.com/scientificreports/ comparisons were significant. High temperatures but not water stress influenced growth parameters of M. euphorbiae ( Table 3 ). The gross reproductive rate (GRR) and net reproductive rate (R 0 ) of M. euphorbiae were significantly lower at high temperatures than at current temperatures (GRR: F = 12.22, n.d.f, d.d.f. = 1, 24.5, P = 0.002; R 0 : F = 11.31, n.d.f, d.d.f. = 1, 3.6, P = 0.033). The mean generation time, the intrinsic rate and finite rate of increase, as well as the doubling time, were not affected by temperature or water regime, nor were any interactions significant.
Life table parameters.
Discussion
Our study demonstrates that the effects of water and temperature are interlinked. The influence of moderately water-deficit stressed plants on the survival of M. euphorbiae depended on temperature. Continuous moderate water-deficit stress at high day-night temperatures (30/20 °C) reduced nymphal survival and added to the negative impact of heat stress, whereas water stress had no effect on their survival at current day-night temperatures (25/15 °C). Furthermore, the effect of temperature depended on the water level. Adult survival was reduced only when heat and water stress were combined but not by heat stress alone.
The difference in the response of nymphs and adults to heat and water stress supports the observation that different insect life stages may vary in their response to climate change 39 . In addition, single and combined stressors may affect nymphs and adults differently. Unlike nymphs, where heat and water stress interactively reduced their survival, the reproduction of aphids that survived to adulthood was affected differently by single stressors than by their interaction. Water stress and high temperatures separately reduced the number of daily offspring but there was no interaction between the two stressors.
Aphid reproduction and population growth during heat waves, and even more so when combined with drought, are likely to decrease if the number of nymphs surviving to maturity is reduced. This agrees with a model on the effect of future warming on the abundance of the peach-potato aphid Myzus persicae, a vector of PLRV and PVY, in seed potato producing regions in South Africa 40 . The model predicts an increase of 1.9 °C over a 90-year period from 1961 to 2050 in interior potato-producing regions of South Africa resulting in reduced aphid population growth in regions where aphids may reach their thermal limits during the hottest months 40 . www.nature.com/scientificreports www.nature.com/scientificreports/ Heat waves together with drought are likely to impact on higher trophic levels by disturbing natural enemyhost interactions and biological control efforts in agriculture. An increase in temperature combined with drought reduced parasitoid emergence from the cabbage aphid, Brevicoryne brassicae L. 41 . The reduced survival of nymphs in our study indicate that the decreased survival of parasitoids could be due to lower quality hosts as suggested by Romo and Tylianakis 41 .
Potato plants are considered to be sensitive to water-deficit stress. Different physiological processes, such as transpiration and photosynthesis, can be inhibited or completely stopped because even at low levels of water-deficit stress, potato plants close their stomata 42 . In addition, water-deficit stress leads to a reduction in the growth of potato plants by reducing height and leaf area 42 . Despite reducing the stomatal conductance and leaf area of potato plants in the current study, suggesting that plants were stressed, life history traits of M. euphorbiae were not affected, with the exception of a reduction in daily reproduction of aphids that developed on water stressed plants. In contrast to our prediction aphid performance was not enhanced by water stress, possibly because leaf nitrogen concentrations did not increase. The results contradict the plant stress hypothesis 23,24 that flush feeders would benefit from feeding on stressed plants.
The severity of induced water-deficit stress is important in predicting insect responses 9, 43 . Continuous water-deficit stress results in low leaf water content, increases the viscosity of the phloem sap, increases plant defences and potentially leads to reduced feeding of aphids, and limited aphid survival, growth and reproduction 16, 21, 44, 45 . For example, continuous severe drought stress on potato plants for 14 days negatively affected the development time and reproduction of M. euphorbiae on S. tuberosum 21 . Although severe drought stress may affect aphids negatively, moderate water-deficit stress resulted in higher fecundity and an intrinsic rate of increase in Brevicoryne brassicae (L.) and Myzus persicae (Sulzer) on Brassica oleracea L. (Brassicaceae), as well as higher nitrogen concentrations in plants 19 . However, the influence of water-deficit stress on potato plants may not only depend on the severity but also the timing of the drought stress and the plant species or cultivar being tested 46, 47 . In our study, moderate water-water deficit stress did not enhance aphid performance but led to reduced daily but not total reproduction of M. euphorbiae. The reduction could be a response to the stress induced increases in ABA and ABA-signalling pathways 45, 48 . The results of our study together with the contrasting results of previous work 4, 43 highlight the complexity of direct impact of water stress on plants and subsequent bottom-up effects on insect herbivores.
Macrosiphum euphorbiae nymphs were able to survive high day-night temperatures although at a reduced rate. Direct impact of high temperatures can affect aphid mitochondrial processes such as respiration, oxidative phosphorylation, as well as denaturation of proteins and enzymes, resulting in altered functions and cell death 49 . Survival at high temperatures may be attributed to changes in metabolic rates and cellular and physiological processes triggering the production of heat shock proteins, which aid aphids in tolerating temperatures above 27 °C 33 . Furthermore, fluctuating day-night temperatures could also increase survival due to the recovery period from heat stress during cooler conditions at night 30 . In keeping with the findings of Barlow 28 and Nguyen, et al. 33 , no nymphs of M. euphorbiae survived to the adult stage in the laboratory at a constant 30 °C (Beetge, unpublished data). However, while aphids may have recovered when exposed to cooler night temperatures during high-temperature periods in the current study, high day-night temperatures still negatively affected nymphal survival and reproduction. Although aphids may be able to adapt to high temperatures to some extent, Hoffmann, et al. 50 suggest that terrestrial ectotherms have a limited ability to change their upper thermal limits.
In addition to reduced nymphal survival, high temperatures negatively affected the reproductive output of M. euphorbiae. Similarly, the reproduction of M. euphorbiae decreased with an increase in temperature from 25 °C to 30 °C 28,37 and exposure to heat stress periods reduced the fecundity of Sitobion avenae (F.) 51 . This may in part be explained as an indirect effect through the reduced survival of the endosymbiont, Buchnera aphidicola, a heat-sensitive bacterium 33 . Buchnera aphidicola is located in cells called mycetocytes or bacteriocytes in the abdominal haemocoel of aphids 52 . Aphids survive on the amino acids in the phloem via the synthesis of essential amino acids by Buchnera 21, 33, 52 . A reduction in the abundance of the endosymbiont usually leads to a concomitant reduction in reproductive output in aphids 33 . There was no interactive effect between water level and temperature on total development time, reproductive periods and reproduction of M. euphorbiae.
In conclusion, our study provides insights into the impact of moderate water-deficit stress during heat waves on phloem-feeding insects. Moderate water-deficit stress during high day-night temperatures reduced aphid survival but had little effect on aphid population growth parameters of those aphids that reached maturity. Yet, reduced aphid survival and reproduction suggest that M. euphorbiae populations could be negatively affected during heat waves, particularly when combined with drought stress, which reduced aphid survival further. Drought and heat waves frequently occur together, and their combined impact on plant -insect herbivore interactions is complex. The study highlights the importance of studying multiple stressors in combination in order to improve our understanding on their effect on plant-insect herbivore interactions in the context of climate change. www.nature.com/scientificreports www.nature.com/scientificreports/ plants. Potato plants (cv. BP1, G0 minitubers) were used in the experiments. The potato mini tubers were planted in pots (12.5 cm diameter, 9.5 cm deep) containing 700 ml of sandy soil and coconut husk (4:1 ratio) with 1 ml of dolomitic agricultural lime (calcium 160 g/kg, magnesium 120 g/kg, KKE/CCE (acid) 88%, (resin) 78%; Wonder TM Agro-Serve). Two weeks after planting, c. 1.6 g of slow release granular fertilizer (N:P:K 3:1:5, Grovida Khula Kahle TM Fruit and Flower, Durban, South Africa) was added to the soil of each pot and then every 6 weeks after planting. From two weeks after planting micro nutrients (Trelmix trace element solution, 21.3 g Fe/l, 3.0 g Cu/l, 2.7 g Mn/l, 2.3 g Zn/l, 1.0 g B/l, 3.0 g Mo/l and 0.3 g Mg/l; Hubers cc, Howick, South Africa) were sprayed onto the leaves once a week according to the manufacturer's instructions.
Materials and methods
Plants were grown in an environment-controlled room at 25 ± 3 °C, 60-80% relative humidity (RH) and 14 L: 10D photoperiod (Cool white L30W/640 and Fluora L30W/77, Osram, Germany). When plants were 30 days old they were transferred to 200 l growth chambers (Labcon TM 2 LTGC 20, Laboratory Marketing Services cc, South Africa) to precondition them for 30 days to current and elevated day and night temperatures of 25/15 °C and 30/20 °C, respectively, 14 L:10D photoperiod (Cool white L18W/640) and ambient humidity. The current day-night temperature regime was chosen based on mean current summer temperatures in Gauteng, South Africa 53 , which falls into the summer rainfall region with a continental climate.
In addition to the two temperature regimes, two different water regimes were applied to the potato plants during the pre-conditioning phase. Moderate water-deficit stress was induced by maintaining the soil at 25-30% pot capacity. For the well-watered treatment, soil was maintained at 80-100% pot capacity. Increase in the weight of pots due to plant growth was not determined, i.e. plants became more water stressed over time. The initial pot capacity of the soil was calculated by weighing oven-dried soil and water-saturated soil in a pot with an Adam QBW -15 scale (Adam Equipment Co. Ltd., Milton Keynes, UK). The soil was oven dried at 60 °C for 24 h before weighing. Thereafter it was watered until saturated, and the mass of dry soil subtracted from saturated soil mass to determine the mass of water needed to saturate the soil (100% pot capacity) in the pots. This process was replicated three times for each temperature treatment. To saturate dry soil in the pots (12.5 cm diameter, 9.5 cm), an amount of 180 g of water was required to obtain 100% pot capacity whereas 45 g was needed to maintain plants at 25% pot capacity. Each pot with potato plants was weighed every other day to determine the mass of water needed to obtain either 100% pot capacity (well watered) or 25% pot capacity (water-deficit stress).
Potato plants of approximately the same leaf area at BBCH (Biologische Bundesanstalt, Bundessortenamt und Chemische Industrie) growth stage 19 with nine or more leaves of the main stem unfolded 54 were chosen for the experiments. Prior to pre-conditioning of plants, leaves from a randomly selected subsample of potato plants were harvested and measured with a LI-3100C Leaf Area Meter (LI-COR, Lincoln, Nebraska, U.S.A.). There was no significant difference in the total leaf area between subsamples of plants assigned to different treatments (analysis of variance (ANOVA), treatment: F 3,44 = 0.344, P = 0.794, n = 12). The mean leaf area ranged between 151.5 and 162.8 cm 2 . After completion of the experiments, the leaf area was measured again to determine the effect of treatments on plant growth.
The level of water-deficit stress in potato plants was measured indirectly as stomatal conductance (g s ), the speed at which water evaporates from the pores in a plant 55 . A plant under water-deficit stress has a low stomatal conductance compared to a well-watered plant 56 . Stomatal conductance of one plant (control plant) for each replicate and treatment was measured with a hand held Decagon Leaf Porometer Model SC-1 (Version 1.31, Decagon Devices, Campbell Scientific Africa, Stellenbosch, South Africa). The sensor head was calibrated to adjust to the experimental environment according to the manufacturer's instructions every time before taking measurements for a specific treatment. Measurements of abaxial conductance were taken daily for 42 days during the day time light setting from fully expanded terminal leaflets (two top, two middle and two bottom leaves) of each control plant. Measurements were taken from six randomly selected leaflets per plant to account for variation, e.g. exposure to light, leaf age, position, in order to determine a daily mean value for each plant and treatment throughout the experiment. Each treatment was replicated three times.
Leaf nitrogen concentrations were analysed for three plant replicates for each treatment after completion of experiments ( Supplementary Table S1 ).
Experimental design.
Preconditioned 60-day old potato plants were transferred to ventilated glass cages (25 × 25 × 25 cm). Four glass cages containing a single potato plant were placed in each of four growth chambers. In each incubator three of the four potato plants were used to determine the life-history traits of M. euphorbiae, and the fourth plant without aphids served to measure stomatal conductance. Each growth chamber simulated different environmental conditions. Two growth chambers each were kept at daily cycles of 25/15 °C day-night temperatures and two growth chambers at daily cycles of 30/20 °C day-night temperatures and 14 L: 10D photoperiod and ambient humidity. The change between day-night temperatures occurred gradually within approximately 30 minutes. Light in each growth chamber was provided by six fluorescent tubes (Cool White L18W/640, Osram, Germany). New tubes were fitted in all growth chambers at the beginning of the experiment in order to standardize light intensity (c. 4880 lux light intensity inside glass cage). At each temperature water-deficit stress (25-30% pot capacity) and well-watered (80-100% pot capacity) regimes were applied to the potato plants in separate incubators. The relative humidity ranged between 35% and 40% for all growth chambers despite efforts to increase relative humidity in the well-watered treatments. The experiment was replicated three times for each temperature and water regime.
A temperature and humidity logger (iButton, Hydrochron Temperature/Humidity Logger, FairBridge Technologies, Sandton, South Africa) was placed in each glass cage within each growth chamber to measure the temperature and humidity at hourly intervals. The mean ( ± SD) temperature in the glass cages was 23.2 ± 2.0 °C during the day and 15.8 ± 2.5 °C at night for the current temperature treatment. The mean temperature for the elevated temperature regime was 27.5 ± 2.7 °C during the day and 20.0 ± 2.3 °C at night. www.nature.com/scientificreports www.nature.com/scientificreports/ Development and survival of immatures. To obtain first-instar nymphs, one adult aptera (wingless) M.
euphorbiae was confined to one potato leaf in a mesh-covered clip-on leaf cage with an inside diameter of 1.8 cm and height of 1.5 cm. Six leaf cages containing one aphid each, facing the abaxial surface, were attached to six separate leaves on a potato plant for each treatment. Viviparous adult aphids were allowed to deposit first-instar nymphs for 24 h, after which the adult and all but one first-instar nymph were removed from the potato leaf. The single first-instar nymph was confined to the abaxial surface of a potato leaf in a new clip-on leaf cage. Six clip-on leaf cages with one nymph each were used per plant. Individual nymphs were observed once daily for moulting and survival until the last individual from each treatment moulted into the adult stage. The presence of exuviae was used to determine moulting. When calculating development times, nymphs were considered to be 24 h old when the experiment was initiated. Total nymphal development and instar-specific nymphal development duration in days were determined.
Adult longevity and reproductive capacity. For each treatment, immatures that developed into adults were observed daily for reproduction and survivorship. Newly born offspring were counted and removed daily until the last individual adult in each treatment died. The number of nymphs born to each female was recorded as fecundity and the average daily reproduction was calculated for each aphid.
Life table parameters.
Life table parameters were calculated as described by Birch 57 . Adult age (x), age-specific survival rates (l x ) and number of offspring produced per female per day (m x ) were determined for all female aphids used in the study. The life table parameters, gross reproductive rate (GRR = ∑m x ), net reproductive rate (Ro = ∑l x m x ), mean generation time (GT = ∑ (l x m x x)/∑ (l x m x ) or GT = ln(Ro)/r), intrinsic rate of increase (r m ) (∑e-rx l x m x = 1), finite rate of increase (λ F = e r ) and doubling time (DT = ln(2)/r) were calculated.
Data analysis. Data were tested for normality and homogeneity of variances. Two-way analysis of variance (ANOVA) was used to test for differences between leaf area after experiments with temperature and water regime and their interaction as fixed effects. Linear mixed model repeated measurement analysis (REML) 58 was used to analyse stomatal conductance over 42 days. The fixed effects were specified as day, water, temperature, and all possible interactions, while random effects were specified as trial and trial × treatment and trial × treatment × day interactions. A second-order autoregressive model (AR 2) best modelled the correlation over days. Due to unequal samples sizes (unbalanced design) nymphal development time, adult lifespan, daily reproduction, fecundity and life-table parameters were analysed using linear mixed model analysis (REML) with water, temperature and water × temperature as fixed effects and trial, trial × treatment and trial × treatment × cage as random effects. Where differences between treatments were significant, Fisher's protected least significant difference (LSD) test was used to separate means. Survival analyses were carried out to test for differences in nymphal survival (survival from newly born nymphs to adults) as well as adult survival between different treatments using the Kaplan-Meier method and the log-rank test for overall and pairwise comparisons. The significance level was set at P < 0.05 for all analyses. Data were analysed with GenStat ® 58 and SPSS (IBM ® SPSS ® 241 Statistics, version 21).
